The CA (capsid) protein of avian sarcoma and leukemia viruses occurs in multiple species. Only one form has been previously characterized biochemically. We have now determined that the mature CA protein of avian sarcoma and leukemia viruses exists as three species with different C termini, ending in amino acid residues A-476, A-478, and M-479 of the Gag precursor, respectively. These structures were deduced from a combination of cyanogen bromide peptide mapping, sequence analysis of tryptic peptides, and electrospray mass spectrometry. The three forms of CA were detected in the same ratios in Rous sarcoma virus and avian myeloblastosis 
The internal structural proteins of retroviruses are formed by proteolytic processing of the Gag precursor polypeptide in the last stages or after budding of the virus particle from the infected cell. In all retroviruses the proteins cleaved from Gag include MA (matrix protein), CA (capsid protein), and NC (nucleocapsid protein). In many viruses additional proteins also are generated from the segments of Gag between MA and CA or distal to NC. Cleavage of Gag leads to a morphological change in the virus particle, called maturation, and is essential for the virus to become infectious. It is believed that in the mature particle CA forms the outer shell of the core, which encapsulates the viral RNA genome associated with NC as well as the replication enzymes reverse transcriptase and integrase. In the newly infected cell, the core is delivered to the cytoplasm, where reverse transcription occurs. In viruses of the murine leukemia virus genus, CA appears to remain associated with the newly synthesized viral DNA (5) , while in the lentivirus genus this has not been observed (6, 13) .
In the avian sarcoma and leukemia viruses (ASLV), typified by Rous sarcoma virus (RSV), the major Gag proteins are MA, p10, CA, NC, and PR, in order from the N terminus to the C terminus. Proteolytic processing also generates several small peptides, from between MA and p10 and between CA and NC, which are referred to as p2 and SP (for spacer), respectively. Two peptides are released from the p2 region (p2a and p2b) and are found in virions (26) . The p2b region of Gag has recently been shown to have a late role in particle budding (37) . The presence of SP was inferred previously from a comparison of the nucleotide sequence (30) with N-and C-terminal analyses for CA and NC (3) . However, to date the SP peptide has not been identified in virions. The published Cterminal analysis of CA, based on carboxypeptidase digestions, previously was interpreted to imply a single cleavage site at residue M-479 (3) .
A more detailed view of CA processing has been developed recently from pulse-chase labeling and immunoprecipitation of CA proteins coupled with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (2, 10) . Processing of CA proceeds sequentially with the first C-terminal cleavage believed to occur at M-488/A-489, yielding a species composed of CA plus SP, designated CA1. With time, this protein disappears and is replaced by a CA doublet (CA2 and CA3) slightly higher in the gel. It was not known why two proteins are formed, nor had the exact C terminus of either been determined. Curiously, despite its larger predicted size, CA1 migrates faster in SDS-PAGE than the doublet that is inferred to result from proteolysis of CA1. The biological function of the SP region is unknown. Genetically altered virus containing a deletion of the 27 nucleotides corresponding to SP yielded particles that appeared normal by morphology, by RNA content, and by proteolytic processing but that were noninfectious (10) .
In studies to characterize ASLV Gag products, in part completed more than 10 years ago (25), we had observed that mature viruses contain multiple forms of the CA protein that differ by proteolytic processing at the C terminus. We have now definitively identified three forms of CA in mature virions. In diverse ASLV, approximately two-thirds of the CA molecules are different from the previously accepted species CA M-479 . These results account for the doublet of polypeptide bands observed recently by SDS-PAGE. We constructed two mutant viruses carrying deletions in this region. The mutants were found to undergo proteolytic maturation but to be noninfec-tious. Together with previously published analyses of ASLV CA (10), these results suggest that correct C-terminal processing of CA represents a critical step in the formation of infectious virus.
MATERIALS AND METHODS
Virus. Primary chicken embryo fibroblasts from 12-day embryos were infected either with the Prague C strain of RSV (RSV PrC) or with avian myeloblastosis virus (AMV) and grown as monolayers at 39ЊC in Dulbecco's modified Eagle medium containing 50 U of penicillin per ml, 50 g of streptomycin per ml, and 10% fetal bovine serum. Metabolically labeled viruses were purified from the supernatants of infected cells as described previously (27) . Unlabeled AMV from leukemic chicken plasma was purchased from Life Sciences, Inc. Unlabeled RSV PrC, in the form of a concentrated suspension from supernatants of virusinfected tissue culture cells, was obtained from the Biological Carcinogenesis Branch of the National Cancer Institute. RSV PrC-infected C/O cells expressing the endogenous provirus ev-1 were a gift of R. Eisenman. Virus collected from these cells represented roughly a 1:1 mixture of RSV and ev-1-derived components.
HPLC analysis. Aliquots of PrC or AMV containing approximately 100 g of total protein were dissolved in 150 l of 6 M guanidine hydrochloride-12.5 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid; pH 8.0)-5 mM dithiothreitol and incubated at 37ЊC for 1 h. The lysate was subjected to reversephase high-pressure liquid chromatography (HPLC) on a C 4 column (catalog no. 214TP104; column dimensions, 0.46 cm [inside diameter] by 25 cm; Vydac) at ambient temperature. Bound components were eluted with a 30-min 0 to 70% gradient of acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1.0 ml/min. The column effluent was monitored at 280 nm. Fractions were collected at 0.5-min intervals. Aliquots of protein-containing fractions (50 l) were dried in a Speed Vac concentrator, dissolved in electrophoresis sample buffer, and analyzed by SDS-PAGE.
ES-MS.
Electrospray-mass spectrometry (ES-MS) was carried out on a Fisons VG Quattro II triple quadrupole MS equipped with an ES ion source. A volume of 20 l of HPLC-purified CA in 50% water-50% acetonitrile (with 0.1% trifluoroacetic acid) was directly infused into the ion source at a rate of 5 l/min. Scans were obtained throughout the sample infusion. All ES-MS data were acquired and stored in profile mode and were processed by using the VG MassLynx data system. C-terminal analysis of AMV CA protein. HPLC-purified AMV CA protein was dried in a Speed Vac concentrator (Savant) and resuspended in 200 l of 100 mM ammonium bicarbonate-0.1 mM CaCl 2 . The sample was digested with trypsin for 16 h at 37ЊC. Trypsin was added in three installments at 0, 4, and 12 h, with each installment containing 2% of the total protein by weight. Twenty percent of the digest was directly analyzed by reverse-phase HPLC on a C 18 column (2.1 by 250 mm; Vydac). The column was developed with a 90-min gradient (0 to 60% acetonitrile) in 0.1% trifluoroacetic acid at 0.3 ml/min. The effluent was monitored at 214 and 280 nm. Fractions were collected at 0.5-min intervals. The remainder of the sample was dried in a Speed Vac concentrator and subjected to C-terminal fragment isolation on an anhydrotrypsin column by the protocol supplied by Pierce. Both effluent and eluted fractions were analyzed by HPLC. Selected peaks were subjected to N-terminal sequence analysis in an Applied Biosystems model 470 sequenator. Phenylthiohydantoin-amino acids were analyzed on line in a model 120A PTH amino acid analyzer. Samples for sequencing were loaded on Polybrene-treated discs.
CNBr mapping and SDS-PAGE. Details of the CNBr mapping method have been previously described (27) . Gel slices (2 by 1.5 by 1.4 mm) containing 0.5 g of the CA protein or strips of gel containing the regions of interest were incubated at 23ЊC for 1 h with 10 mg of CNBr per ml in 0.1 N HCl-0.1% 2-mercaptoethanol. CNBr-treated gel samples were washed twice for 5 min each with water, once for 5 min with 0.25 M Tris-HCl (pH 6.8), and once for 10 min at 37ЊC with electrophoresis sample buffer and loaded onto SDS-urea slab gels. The cleavage products were subjected to SDS-PAGE in polyacrylamide gels containing 8 M urea.
Viral proteins were subjected to SDS-PAGE by using the Laemmli gel system and detected by staining with Coomassie brilliant blue, silver staining (39), or fluorography as indicated. Prior to electrophoresis, samples were heated at 65ЊC for 10 min in electrophoresis sample buffer (50 mM Tris HCl [pH 6.8], 2% SDS, 12.5% glycerol, 0.1% bromophenol blue). To locate polypeptides to be excised from a gel for CNBr mapping, bands were visualized without fixation either by brief emersion of the gels in ice-cold 0.5 M KCl-0.1% 2-mercaptoethanol or by rapid surface staining of parallel tracks with Coomassie blue (9) . To facilitate the identification of modified variants, the gel slices were cut orthogonal to band. The partial resolution of the CA species that is achieved in the electrophoresis step is critical to the analysis. Gel slices were stored at Ϫ20ЊC.
In vitro digestions with AMV PR. AMV PR was purified from virus by a one-step organic extraction method that was previously described (21) . The protease was stored at Ϫ20ЊC in the extraction cocktail, which we found to be an effective method for retaining activity and preventing aggregation. Prior to use, the methanol was removed and the protein concentrated approximately fivefold in a Speed Vac concentrator (Savant). A series of synthetic peptides that contained the potential cleavage sites for CA (LTDQGIA, LTDQGIAAAM, and LTDQGIAAAMSSAI) were obtained from Research Genetics (Huntsville, Ala.). Each peptide was preparatively purified on a C 4 column and was determined to be greater than 95% pure on the basis of analytical HPLC analyses. The peptides were dried in a Speed Vac concentrator, stored at Ϫ20ЊC, and then suspended in dimethyl sulfoxide immediately prior to use. The peptides were diluted into PR digestion buffer (50 mM sodium acetate [pH 5.5], 900 mM NaCl) so that the final concentration of dimethyl sulfoxide was 20% by volume. The protease was added, and samples were incubated at 37ЊC for 48 h. The digestion mixture (30 l), containing 5 g of peptide and 10 g of PR, was diluted with 150 l of 0.1% trifluoroacetic acid. The cleavage products were fractionated by reverse-phase HPLC on a C 4 column under the same conditions described above for fractionating the intact viral proteins. The column effluent was monitored at 214 nm, and fractions were collected at 0.5-min intervals. Selected samples were sequenced by tandem MS where specific mass ions were selected in the first MS and then fragmented by collision-induced dissociation in the second MS to determine the structure (4) .
Construction and expression of spacer deletion mutants. Two deletion mutations were constructed by in vitro mutagenesis of the RSV PrC gag gene cloned into M13 (38) . The deletions ⌬SP3 and ⌬SP12 eliminate the peptide segments AAM and AAMSSAIQPLIM, respectively. The sequences of the mutagenic oligonucleotides are 5Ј-GGATCAAGGCATAGCCTCGTCTGCTATCCAGC-3Ј for ⌬SP3 and 5Ј-GGATCAAGGCATAGCCGCAGTAGTCAATAGAGA G-3Ј for ⌬SP12. Progeny phage from the mutagenesis reactions were screened by sequencing of the single-stranded DNA. For each mutation, the gag genes from two or more independent isolates were subcloned into the proviral vector RCAN.HiSV (11) by using the SacI-HpaI sites, replacing the wild-type gene. ⌬SP, a deletion of the nine residues SSAIQPLIM described previously (10) , in this paper is called ⌬SP9 for clarity. The viral genomes were transfected into QT6 quail cells, and the ability of the mutant Gag proteins to direct particle assembly was evaluated by labeling with [ 35 S]methionine followed by immunoprecipitation with anti-RSV serum, as described previously (10) .
RESULTS
Detection of a second CA component by cyanogen bromide mapping. We have determined that the mature ASLV virion contains multiple forms of CA. This heterogeneity was detected first by a two-dimensional analysis in which the virion proteins were subjected to SDS-PAGE, treated in situ with cyanogen bromide to partially cleave the polypeptide at methionine residues (27) , and then reanalyzed by SDS-PAGE. For [ 35 S]cysteine-labeled proteins from RSV PrC, this analysis revealed first that the four major Gag proteins, MA, CA, NC, and PR, have unique patterns of cleavage products, as expected (Fig. 1A , lanes c, b, e, and f). The digestion profile of CA (lane b) shows four major products: intact CA at 24 kDa and fragments at 16, 10, and 6 kDa. Intact CA appears as a discrete spot, while each of the cleavage products is split into two components, with the separation of the components becoming progressively larger with decreasing fragment size. An arrowhead marks the position of the 6-kDa fragments, which appear to be separated by about 500 Da. The pattern of fragments thus suggests that mature CA exists both as a 27.0-kDa species and a 26.5-kDa species. Although these species are not distinct in the undigested CA, partial resolution in the cleavage products is indicated by the skewed appearance of the spots. The results of the subsequent studies, described below, verify that these species correspond to the doublet of bands recently observed by radioimmune precipitation analysis of Gag-expressing cells (2, 10) . The MA protein also was observed to be split into two components (lane c). In this case the shift in mobility was shown previously to be caused by partial phosphorylation (27) .
To examine the generality of the two CA components, we also analyzed CNBr cleavage patterns for CA from two other ASLV. One was a recombinant RSV that carries the gag gene of the endogenous virus ev-1 (1) (Fig. 1B, lane g ). The CA encoded by the endogenous viruses ev-1 and ev-2 is known to migrate more slowly than RSV CA (31) . The ev-1 and PrC profiles are very similar, both exhibiting evidence of the two CA components. However, the ev-1 profile is simpler because . A striking feature of cleavage profiles was that the ratio of the CA components always was similar. The ratio also appeared to be independent of the age of the virus preparation (data not shown).
To better understand the nature of the difference between the two CA components, and to localize the difference on the CA polypeptide backbone, we performed a series of CNBr mapping studies on CA metabolically labeled with amino acids. Cysteine is ideally suited for this type of analysis because it occurs only once in CA, in the very C-terminal CNBr fragment. As a consequence, the smallest labeled fragment on SDS-PAGE will be the C-terminal fragment, and all larger labeled fragments will be partial cleavage products that end in the C-terminal fragment. This nesting of labeled fragments allows the N-to C-terminal order of CNBr cleavage products to be deduced readily. Thus, we infer for [ 35 S]cysteine-labeled RSV CA (Fig. 2, lane g ) that the 6-kDa fragment is located at the C terminus, the 10-kDa fragment contains the 6-kDa fragment plus an additional 4 kDa upstream (toward the N-terminal side), the 16-kDa fragment contains the 10-kDa fragment plus an additional 6 kDa upstream, and intact CA contains the remainder of the sequence that is upstream of the 16-kDa fragment. These assignments are consistent with predicted masses of fragments based on the amino acid sequence. All of the cysteine-labeled CNBr fragments show the two components, implying that the two components differ at or near the C terminus of CA. Similar conclusions were drawn from mapping data of [ 35 S]cysteine-labeled AMV CA (Fig. 2, lane j) . Like the ev-1 CA profile, the cleavage profile for AMV CA contains only three prominent CNBr fragments, since in AMV residue 396 also is not a methionine. All three AMV fragments showed the two components of CA.
Since the Gag proteins are generated by proteolysis, the possibility of an additional processing site in CA seemed the most likely explanation for the two components of CA. To investigate this possibility, we devised a simple test for monitoring the integrity of the previously accepted C terminus of CA, Met-479, using CNBr mapping of [ 3 H]methionine-labeled protein. CNBr cleaves to the C-terminal side of methionine residues. Thus for most proteins, the C-terminal CNBr fragment should be unlabeled. However, since the last residue in CA itself is a methionine, the C-terminal CNBr fragment should retain radioactivity. If alternative proteolytic processing is responsible for the two CA components, and this leads to the loss of Met-479 because of cleavage farther upstream, then the larger of the two CA components should be labeled while the smaller one should not. Indeed this is what we observed (Fig.  2 , lane h). When [ 3 H]methionine-labeled CA was cleaved with CNBr and analyzed, the upper of the spots corresponding to the C-terminal fragment was radioactive and the lower one was devoid of radioactivity. The differences in labeling intensities of the C-terminal spot and the spot corresponding to the next smallest cleavage product are consistent with the methionine content of the fragments, representing one and five methionine residues, respectively.
Primary structure of CA components. Advances in MS by using ES ionization have revolutionized the ability to evaluate protein structure. The masses of proteins of up to 100,000 Da can be determined to an accuracy of better than Ϯ0.005%, corresponding to an error of less than 1 Da for a protein of 250 amino acid residues (32) . In this technique, the protein molecule becomes multiply charged, usually because of protonation at Penn State Univ on April 14, 2008 jvi.asm.org at basic residues. The mass-to-charge ratio for each charge state is measured by the MS, and from these data the molecular mass of the protein can be computed. Previously, we described a simple one-step purification for ASLV CA, using reverse-phase HPLC on a C 4 column (26). The final product was greater than 95% pure by SDS-PAGE. When the HPLCpurified CA from RSV PrC was subjected to ES-MS, two major components were observed ( Fig. 3A and 4A ). The 25,815-Da value agrees exactly with the mass predicted for CA M-479 by the nucleotide sequence, 25,815.3 Da. The 25,542.0-Da value differs in mass by 273 Da, which is exactly the mass of Ala-Ala-Met. We therefore infer that the second major CA component is generated by proteolytic processing at a previously unrecognized cleavage site three amino acid residues upstream of M-479. A minor component with a mass of 25,684 Da also was observed, differing from CA M-479 by 131 Da. This difference corresponds to the mass of a methionine residue, and thus it is likely that the minor CA component simply is missing the C-terminal methionine residue at position 479. We therefore conclude that the three components are all generated by proteolysis. Since the mass differences for the three peaks are small relative to the mass of the intact CA protein, the ratio of species is likely to be a good measure of the ratio of the products in the virion. On the basis of peak heights, CA is composed of 55% CA A-476 , 9% CA A-478 , and 36% CA M-479 . The AMV CA protein also was subjected to ES-MS ( Fig. 3B  and 4B ). Unlike RSV PrC, AMV is a mixture of closely related viruses, including the helper viruses myeloblastosis-associated viruses A and B in addition to the actual replication-defective transforming virus. Thus, a mixture of CA species might be anticipated. In fact, we observed at least three different CA proteins in the spectrum. For each, a corresponding peak that differed in mass by 273 Da was identified. Similarly, a minor component, which differed in mass by 132 Da, was observed. We thus infer that the viruses that make up the AMV stock contain the same forms of CA as those found for the cloned RSV PrC, namely CA species ending in GIAAAM-479, GI AAA-478, and GIA-476. The ratios of the three components were also similar to those for RSV, with the GIA-476 component being predominant.
As an independent confirmation of the identities of the different CA components, we used a combination of tryptic peptide mapping and N-terminal sequencing of peptides. To rapidly screen for peptides of interest, the tryptic digest was loaded onto an anhydrotrypsin column, and then all the peptides that failed to bind were characterized. Anhydrotrypsin binds peptides with Lys or Arg at their C termini, and therefore only tryptic fragments from the C terminus of CA should fail to be retained on the column. The anhydrotrypsin flowthrough , respectively. The two other peaks contained internal peptides that had been generated by a chymotryptic activity, a common problem with trypsin digestions.
Characterization of PR cleavage site by in vitro proteolysis. We performed in vitro cleavage studies in order to ascertain that the A-476/A-477 cleavage site in fact is a target of the avian viral protease. The synthetic peptide LTDQGIAAAMS SAI was synthesized and used as a substrate. This peptide contains all three predicted cleavage sites at the end of CA. The products generated were analyzed by reverse-phase HPLC, with the peptides LTDQGIA and LTDQGIAAAM being used as markers, as these are the expected N-terminal fragments resulting from cleavages at A-476/A-477 and at M-479/S-480, respectively. The substrate peptide was found to be hydrolyzed predominantly at A-476 (Fig. 6B) , since the main digestion product comigrated with the peptide standard LTDQGIA. On the basis of the relative peak heights, at least 80% of the cleavage occurred at this site. Sequencing by tandem MS confirmed that peak a had the predicted sequence LTDQGIA. Peak b was also characterized by sequencing and shown to contain the complementary half of the peptide, AAMSSAI. While the minor peak in Fig. 6B corresponded in position to peptide LTDQGIAAAM, the fact that a peak at this position was already present in the protease preparation indicates that not all of this material can be the product of cleavage at M-479/S-480. In the experiment shown, this minor peak did increase slightly after digestion of LTDQGIAAAMSSAI with PR (compare Fig. 6B and C) , but in other digests no such increase was observed (data not shown). In sum, these results indicate a very strong preference of PR for cleavage at A-476/ A-477.
The near absence of cleavage of the peptide at M-479/S-480 is surprising. To test if the peptide cleavage results correlate with in vitro processing of a native protein, we also digested a fragment of Gag that had been purified after expression in Escherichia coli. This protein, CA-NC, is exactly the segment of Gag corresponding to the CA, spacer, and NC domains. The CA species generated after incubation for various times with PR were characterized by ES-MS (unpublished results). The first CA product generated was CA M-488 , as also found in vivo. Then after longer incubation times CA A-476 and CA M-479 were formed. The ratio of the CA A-476 and CA M-479 products was 3:1 at low protease concentrations and 4:1 with higher amounts of protease. We infer from these data that cleavage of the peptide substrates approximates cleavage of proteins. A possible explanation for the differences in the ratios of CA A-476 to CA M-479 after maturation of virions compared with digestion in vitro is that CA M-479 is further processed by PR in vitro. To test this possibility we treated the peptide LTDQGIAAAM with PR and then looked for formation of LTDQGIA by the reverse-phase HPLC assay. There was no evidence for processing, even after a 96-h incubation with PR (data not shown). 
Properties of virions with spacer peptide deletions.
Previous studies had shown that RSV maturation in both avian and mammalian cells is a sequential process. The first CA species visible by SDS-PAGE (CA1), which we had inferred to correspond to CA-SP and thus to arise from cleavage at M-488/A-489, is further modified, presumably by cleavage, to yield a tight doublet of bands called CA2 and CA3 (2, 10) (Fig. 7B,  lanes 1 and 5) . The fact that the larger CA1 migrates faster than CA2 and CA3 originally made this identification somewhat tenuous. The observation that a mutant called ⌬SP (here renamed ⌬SP9 for clarity), with a deletion of the nine-residue spacer segment S-480 to M-488 exhibited only a single CA form with mobility similar to that of CA3, provided support for the conclusion that CA3 corresponds to CA M-479 . This reasoning would predict that the new capsid protein described above, CA A-476 , should be CA2. To test this prediction, we constructed the mutant ⌬SP12, in which the entire 12-amino-acid spacer segment from A-477 through M-488 is deleted. If the newly created junction QGIA/AVVN is recognized and cleaved by PR, then the only form of CA produced should be CA2. Indeed, expression in quail cells of the ⌬SP12 Gag protein resulted in the formation of a small amount of a protein with the mobility of CA2, which was visible both in cell lysates (Fig. 7A, lane 4) and in virions shed into the medium (Fig. 7B,  lane 4) . However, most of the CA domain remained incompletely processed in this mutant, as evidenced by the small amount of mature CA and by the presence of a product of ca. 35 kDa. We presume this product to be CA-NC, on the basis of its size and its reactivity with both anti-CA and anti-NC antisera (data not shown). Thus, the newly created site must be cleaved inefficiently by PR.
We also constructed a mutant with the three residues A-477 to M-479 deleted. Expression of the ⌬SP3 Gag protein resulted in formation of a single CA species, presumably because of cleavage at the unaltered site M-488/A-489 (Fig. 7, lanes 2) . The migration of this mutant CA species was slower than that of CA2 and CA3, consistent with its size. We therefore presume that the anomalously rapid migration of CA1 in SDS-PAGE may be traced to the segment of polypeptide encompassing the deletion. However, further work would be needed to establish definitively if the mutant CA band formed in fact has the C terminus predicted. Since the relative amounts of Gag protein shed into the medium in ⌬SP3, ⌬SP12, and ⌬SP9 all are similar to that in the wild type, none of these mutants appears to grossly affect virus assembly in this system. There is considerable uncertainty about the structure of the capsid shell believed to be composed of CA protein and to surround the NC-RNA ribonucleoprotein in retroviruses. This shell appears to be quite labile and has not been isolated in a clean form and in good yield from ASLV or indeed from most retroviruses. However, when ASLV virions are treated under defined conditions with nonionic detergents, a portion of CA (primarily the mature CA2 and CA3 forms) is observed to remain in a sedimentable form (10, 33) . The capsid in the spacer mutant ⌬SP9 was previously reported to be more easily disruptable by detergent than wild-type virus, as evidenced by this sedimentation assay (10) . We have extended these observations to the new mutants ⌬SP12 and ⌬SP3. These mutant virions as well as wild-type and ⌬SP9 virions were treated with 1% Triton X-100 and centrifuged, and the pellet fraction was displayed by SDS-PAGE. Both of the new mutants were identical in behavior to ⌬SP9, with less than 2% of the total CA being found in the pellet, under conditions where the parallel wild-type virus showed approximately 30% of the total amount jvi.asm.org of CA2 plus CA3 in the pellet (data not shown). Thus, diverse mutants that disrupt the C terminus of CA and/or the spacer region make the capsid shell more sensitive to detergent.
To address the biological significance of the complicated C-terminal processing of ASLV CA, we assayed the ⌬SP3 and ⌬SP12 mutants for infectivity. Earlier results had demonstrated the lack of infectivity of ⌬SP9 (10). The mutations were introduced into an otherwise infectious viral DNA carrying a dominant selectable marker for hygromycin resistance (11) . The three mutant genomes and the wild-type genome as a control were transfected into QT6 quail cells, and 3 days later the cells were selected for hygromycin resistance. The wildtype virus was observed to spread efficiently from the transfected cells to neighboring ones, and almost all of the cells became hygromycin resistant. By contrast, no hygromycin-resistant colonies in excess of the background (mock-transfected cells) were seen in any of the cultures that received ⌬SP3, ⌬SP9, or ⌬SP12. Although this evaluation is not quantitative, previous experience with this rapid screening method has shown that replication of mutants with 100-fold lower infectivity can still be detected in this way. Hence, we conclude that for all the spacer mutants, infectivity is either absent or greatly attenuated. Although the interpretation is complicated because of the incomplete cleavage of the CA domain, these results suggest that the C terminus of CA and the spacer region has an important function for virus structure or function.
DISCUSSION
We have demonstrated that in mature ASLV, the CA protein exists as three species, CA A-476 , CA A-478 , and CA M-479 (Fig. 8) . The proteins ending in M-479 and A-476 appear to correspond to the CA3 and CA2 species, respectively, previously detected in RSV (10) . Only the longest form, CA M-479 , had been characterized biochemically prior to this work (3). The ratio of the three species appears to be the same in diverse ASLV and to be independent of the virus purification scheme, suggesting that the ratio is biologically important. At least the major forms of CA that end at A-476 and M-479 are generated by PR-mediated cleavage, and the sequences at these sites conform to the loose PR recognition consensus sequences (7) . Proteolytic processing at the C-terminal end of CA begins with cleavage at M-488/A-489, leading to the intermediate species CA-SP (CA1), which is not found in mature virions (Fig. 8) In pulse/chase experiments with wild-type virus, the ratio of CA2 to CA3 appears to remain constant in periods up to 3 h (2), and this ratio reflects the abundance of the different proteins in mature virus (this study). The observation that the minor CA A-478 species was not detected in any of the in vitro cleavage studies suggests that it is not the consequence of PR-mediated cleavage. We speculate that it is generated from CA M-479 by a carboxypeptidase activity. This idea would be consistent with the observation that in virions the C-terminal Met residue of p10 is missing (27a). The significance of these events is unknown.
Several factors help explain why the major species CA A-476 had not been characterized previously. First, the original Cterminal analysis performed with carboxypeptidase, which identified Ala-Met-C as the C terminus of CA (3), was not quantitative enough to have allowed the multiple cleavage sites to be discerned. The predominance of free methionine in the released amino acids could have resulted from the greater accessibility of the C terminus in CA M-479 , while the free alanine interpreted to arise from the second residue from the C terminus probably resulted in part from the two CA species ending in Ala. Second, the 1% mass difference between CA A-476 and CA M-479 is too small to be easily detected by SDS-PAGE under most standard conditions. This doublet of bands is readily apparent only when small amounts of protein are run on gels, when a light exposure of radioactive CA is analyzed, or when gels are run under special conditions, such as in the cold. The detection of the CA A-476 component was facilitated by evaluation of CNBr fragments, since the mass difference is proportionally larger for smaller polypeptides. However, only by use of ES-MS were we able to exactly define the several forms of CA. High-resolution ES-MS no doubt will be of great utility in the molecular characterization of other proteins in the future and has already provided information on the molecular structures of the other Gag proteins in ASLV (25a).
Although the full significance of multiple processing sites between CA and NC is not known, the available evidence suggests that the regulated cleavage of peptides from the end of CA plays a role in the proper organization of the virion core during the final stages of maturation. Deletions of peptides in the ⌬SP3, ⌬SP9, and ⌬SP12 mutants had no detrimental effect on budding by the Gag protein, but the particles released were noninfectious. The greater-than-normal sensitivity of the CA protein to detergent extraction suggests that intermolecular interactions that anchor the mature CA proteins in the wildtype core are lacking in these mutants. We speculate that the spacer peptides and their regulated cleavage are important in directing the dynamic processes that allow such interactions to be formed.
Certain features of the CA maturation of RSV also are found in other retroviruses. In human immunodeficiency virus type 1 (HIV-1), the first cleavage at the p2/NC junction yields CA-p25, which is further processed by removal of a 14-residue peptide to form CA-p24 (16, 23, 35) . These two species would thus appear to be analogous to ASLV CA M-488 (CA1) and CA A-476 (CA2), respectively. A third cleavage site in HIV-1, comparable to the M-479/S-480 site of ASLV, also has been reported previously (17) . Indeed, the CA/NC junction regions of ASLV and HIV-1 show a limited degree of sequence similarity (GIA/AAM/SSAIQPLIM/AV for ASLV and ARL/ AEAM/SQVTNPATIM/IG for HIV-1, where the shills indi- cate cleavage sites). The significance of these similarities remains to be explored.
The effects of spacer peptide mutations on HIV-1 are more striking than those in ASLV. Deletion of the 14-residue spacer from HIV-1 Gag has been reported by one laboratory to destroy infectivity without preventing particle release (28) , whereas another group has found dramatic effects on both budding capacity and particle morphology (22) . Furthermore, a point mutation that prevented cleavage of p2 from CA/p25 also disturbed the particle morphology (14) . Thus, although such a role has not been observed in ASLV, the HIV-1 data suggest an influence of the spacer peptide on budding or on the organization of the Gag protein in the budding particle. Although the spacer peptides of other viruses have not been studied extensively, cleavage at multiple sites between CA and NC has been demonstrated in simian immunodeficiency virus (15) , feline immunodeficiency virus (12) , bovine immunodeficiency virus (34) , and equine infectious anemia virus (19) , providing further evidence of the importance of this arrangement for the replication of diverse retroviruses. The only retrovirus in which CA has been clearly shown to have a unique C terminus is murine leukemia virus (18, 24) , although in this virus heterogeneities in CA have been noted by isoelectric focusing (20) .
Precisely what function the individual CA species have in the virion is a matter of speculation. The three-dimensional structure of the CA protein might shed light on this question. The fact that diffracting crystals have been grown both for HIV-1 CA complexed with an Fab antibody fragment (29) and for RSV CA (21a) encourages the expectation that these structures will be identified soon. To understand CA function it will be necessary to unravel the structure of the capsid shell, which is generally believed to be composed of about 2,000 CA molecules. Numerous models have been drawn for retroviral capsids, with capsids of C-type retroviruses such as ASLV usually being depicted as icosahedra and those of lentiviruses such as HIV-1 being depicted as cones. While a cone shape is often visible in thin-section electron micrographs, icosahedral shapes have been visualized only rarely and are based, to a large extent, on conjecture. Regardless of the exact structure of the capsid, however, the CA molecules must pack together in a regular fashion to form it. Thus, the principles of quasiequivalence as formulated for icosahedral viruses (8) may also apply even if the structure is not a simple icosahedron. We hypothesize that in ASLV and perhaps other retroviruses the extreme C-terminal segment of CA acts to modulate contacts with neighboring protein molecules. For example, by analogy with icosahedron-shaped viruses, one form of CA could make the most-stable contacts on a 6-fold axis while another could make the contacts on a 5-fold axis. Testing of this model will require determination of a threedimensional structure for the viral capsid itself or perhaps of a smaller structure that could be formed in vitro.
